Abstract. In this study, halloysite-Fe3O4 composites were synthesized by a chemical-precipitation method to facilitate magnetic separation of the sorbents from aqueous solution. The research focused on the effect of Fe3O4 phase on the halloysite sorption properties. The X-ray diffraction (XRD) results confirmed successful deposition of Fe3O4 particles on a halloysite surface. They showed that the coating with Fe3O4 particles enhanced the halloysite adsorption affinity toward Cd(II) and Pb(II). The highest adsorption capacity was determined for the composites having 10% of the surface deposited with Fe3O4. In this case, the adsorption capacity for Cd(II) and Pb(II) was 33 and 112 mmol·kg -1 , respectively. The point of zero charge (pHPZC) and desorption results indicated that the removal mechanism of metals is mainly related to chemisorption involving reaction with hydroxyls of either halloysite or Fe3O4 phase. The ion exchange is of limited importance due to the low cation exchange capacity (CEC) of halloysite -Fe3O4 composites.
Introduction
The wide distribution and increased concentration levels of heavy metals in surface and ground water is mainly due to the discharge of industrial and agricultural wastes. These contaminants are particularly problematic and harmful due to their non-biodegradable character and tendency to accumulate in living organisms. This subsequently results in various disorders and diseases. Thus, environmental remediation has recently become one of the most common subjects of scientific discussion and research. Several methods are known for water treatment including ion exchange, adsorption, coagulation and filtration, chemical precipitation, membrane processes, and reverse osmosis (Matlock et al. 2002; Ozaki et al. 2002; Blöcher et al. 2003; Dąbrowski et al. 2004; Unuabonah et al. 2008; Zhang and Hou 2008; Jiang et al. 2010; Motsi et al. 2011; Matusik, Wścisło 2014; Bajda et al. 2015; Koteja, Matusik 2015; Maziarz, Matusik 2016) . Since among the various technologies developed for the removal of contaminants, the adsorption processes are the most effective, economical and commonly used, methods for adsorbent separation from the working medium need to be constantly developed.
In recent years, research on magnetic particles appears to be a dynamically developing branch of nanotechnology, and in particular regarding the field of their application in environmental remediation and catalysis. Apart from their nano-size, resulting in welldeveloped surface area and high adsorption capacity, their magnetic properties allow for their facile and effective separation by an outer magnetic field (Yantasee et al. 2007; Lunge et al. 2014; Kharissova et al. 2015; Mehta et al. 2015) . Among magnetic particles, iron oxides such as magnetite (Fe 3 O 4 ) and maghemite (γ-Fe 2 O 3 ) are the most commonly used. However, one of the major problems with sole particles' application is connected with their agglomeration and chemical instability in acidic environments. Thus, in the last few decades research has focused on the synthesis of Fe 3 O 4 particles combined with other commonly used adsorbents. As a result, the magnetic composites are prepared by a coating of a conventional adsorbent surface with Fe 3 O 4 particles. This combination not only prevents agglomeration, but also allows to obtain promising magnetic composites. These can be easily separated from the working medium after being used by the application of an outer magnetic field. Due to these obvious benefits, knowledge concerning conventional adsorbents, especially widely available clay minerals coated with Fe 3 O 4 particles, is constantly extending. To our best knowledge, composites consisting of magnetic Fe 3 O 4 particles and clay minerals were successfully used as adsorbents of some inorganic metal cations (Oliveira et al. 2003; Hashemian et al. 2014) , anions (Tian et al. 2016 ) and organic dyes (Oliveira et al. 2003; Zhang, Kong 2011; Duan et al. 2012) .
In the present study, halloysite clay mineral was used as the support for Fe 3 O 4 particles. Halloysite is an aluminum silicate belonging to the kaolin group of minerals. Its chemical formula is Al 2 Si 2 O 5 (OH) 4 ·2H 2 O. Its structure is composed of 1:1 stacked layers, built from tetrahedral (Si) and octahedral (Al) sheets. The layers are linked through hydrogen bonding formed between the oxygen atoms of the tetrahedral sheet and the inner surface OH groups of the octahedral sheet (Joussein et al. 2005) . Isomorphic substitution of the central ions in tetrahedral and octahedral sheets is very rare, resulting in an almost neutral surface charge (Joussein et al. 2005) . The interest concerning halloysite has increased in recent years due to its possible utilization in nanotechnology applications, mainly connected with the halloysite nanotubular structure. To date, some halloysites were successfully used as supporting minerals for particles that exhibit catalytic properties, such as silver (Li et al. 2014) , palladium (Fu et al. 2005) or titanium (Papoulis et al. 2010; Wang et al. 2011) . Some research concerning the deposition of iron particles on halloysite surface (Xie et al. 2011; Duan et al. 2012; Amjadi et al. 2015) was also reported.
The objective of this study was to obtain and characterize magnetic composites, composed of halloysite and magnetite (Fe 3 O 4 ) particles. In the study, a different loading of Fe 3 O 4 on a halloysite surface was used. The affinity of the resulting halloysite-Fe 3 O 4 composites for cationic heavy metals' species removal was investigated. For this purpose, adsorption equilibrium experiments for Pb(II) and Cd(II) ions were carried out. The possible mechanisms responsible for Pb(II) and Cd(II) adsorption were also identified.
Materials and methods

Materials
For the experiments, halloysite sample (H) was collected from the Polish deposit Dunino located in the Lower Silesia. The H sample was used in a powder form as received, without any further purification or grinding. The reagents were of analytical grade. During synthesis of the composites and adsorption experiments, re-distilled water was used.
Preparation of HFe 3 O 4 composite
The impregnation of the H sample by Fe 3 O 4 particles was performed by a chemical precipitation method (Xie et al. 2011; Duan et al. 2012) . Firstly, the suspension of H sample (5.0 g) in an aqueous solution (200 ml) was prepared and vigorously stirred. In order to obtain the Fe 3 O 4 particles, the solution of iron precursors consisting of ferric chloride hexahydrate (FeCl 3 ·6H 2 O) and ferrous sulfate heptahydrate (FeSO 4 ·7H 2 O) was dropwise added to the H sample suspension. The stoichiometric ratio of Fe(III):Fe(II) in the solution was set to 2:1. The pH of the obtained mixture was constantly controlled, in the range of 9 -10 using 4 mol·L -1 NaOH solution, to initiate the chemical precipitation of the iron oxides. The NaOH solution was added until the pH reached an equilibrium, which indicated the completion of the reaction. The final black suspension was washed 4 times with re-distilled water and dried at 60°C for 24h. The mass ratio of Fe 3 O 4 to the H was set to 10% (HFe10), 25% (HFe25), and 50% (HFe50). The pure Fe 3 O 4 phase was synthesized using the above procedure for comparison. In order to obtain such mass ratios, the appropriate amounts of ferric and ferrous reagents were used (Table 1) . Additionally, the HFe10, HFe25 and Fe 3 O 4 samples were thermally treated at 400°C for 3h. The obtained calcined samples were marked as HFe10K, HFe25K, and Fe 3 O 4 K.
Characterization methods
The crystalline phases in the HFe 3 O 4 composites were characterized with X-ray diffraction (XRD). The XRD patterns of the powdered samples were recorded in the range of 2-73°2θ with step equal to 0.05º2θ, using a RIGAKU Miniflex 600 diffractometer with CuKα (λ=1.5418 Å) radiation. The quantitative elemental analysis was carried out by a WD-XRF ZSX Primus II Rigaku spectrometer. The values reported by the XRF were calculated by the SQX calculation program. The FTIR spectra of the samples, prepared as KBr pellets (3 mg sample per 197 mg KBr), were recorded using a Nicolet 6700 spectrometer (Thermo Scientific). For each measurement, 64 scans were collected in the range of 4000 -400 cm -1 with a resolution of 4 cm -1
. ). The suspensions were equilibrated for 24h to provide optimum dispersion and reach an equilibrium pH. The blank 0.05 mol KOH solution and suspensions were titrated with 0.05 mol·L -1 HNO 3 . The pH value was recorded after each addition of 0.05 ml HNO 3 . The pH PZC value was evaluated, as the intersection of the titration curves for the three suspension mass ratios and the blank solution.
The cation exchange capacity (CEC) was measured by hexaamminecobalt(II) chloride as a probing molecule. The measurements were done in duplicate. In the experiment, 100 mg of each material was mixed with 5 ml of 2 g·L -1 hexaamminecobalt(II) chloride (solid:liquid ratio -20 g·L -1 ). The suspensions were shaken for 1h. The final concentration of hexaamminecobalt(II) chloride in supernatant solution was measured using UV-Vis spectroscopy at 470 nm wavelength.
Equilibrium adsorption experiments
The adsorption properties were determined for the H, HFe10, HFe25, and their calcined derivatives. The adsorption equilibrium experiments were conducted in single element aqueous solutions of Cd(II) and Pb(II) at initial concentrations (C in ) the range of 0.1-25.0 mmol·L -1 . The stock solutions were prepared by dissolving Cd(NO 3 ) 2 ·4H 2 O and Pb(NO 3 ) 2 , respectively. The equilibrium isotherms were carried out in duplicate at room temperature. The initial pH (pH in ) of the solutions was set to 5.0 ± 0.2, which was recommended as optimal in Cd(II) and Pb(II) adsorption processes (Ebrahim et al. 2015; Hosseinzadeh et al. 2016; Rajput et al. 2016) . The pH was adjusted by using 0.1 mol HNO 3 and 0.1 mol NaOH solutions. The solid:liquid ratio was equal to 20 g·L -1 . After 24h of shaking, the mixtures were centrifuged at 14 000 rpm for 5 min. The Cd(II) and Pb(II) concentrations in the supernatant solutions were measured using Atomic Absorption Spectroscopy (AAS).
Desorption experiment
The desorption experiment was conducted for 5 mmol·L -1 concentration of Cd(II) and Pb(II). Firstly, the adsorption of cations was carried out according to the procedure described above. After adsorption, the samples were washed several times with re-distilled water to remove the excess of adsorbates not adsorbed by the composites. Then, before the desorption experiment the samples were dried at 60°C for 24h and weighed. The 1 mol·L -1 CH 3 COONH 4 (pH = 7.0) was used as a desorbing reagent, with the solid:liquid ratio ~100 mg : 5 ml (20 g·L -1 ) (Rzepa et al. 2009 ). The desorption was carried out in two steps: for 1h and 24h of contact time. The concentration of metals in solutions in the desorption experiment was measured using Atomic Absorption Spectroscopy.
Equilibrium adsorption models
In order to describe the Cd(II) and Pb(II) adsorption on the resulting composites and investigate the mechanisms of adsorption, the experimental equilibrium isotherms were fitted to Langmuir, Freundlich and Dubinin-Radushkevich models. The Langmuir model assumed the monolayer adsorption and no interactions between the adsorbed molecules on the homogenous surface of the adsorbent with a finite number of active sites (Langmuir 1916) . It is usually applied for chemisorption. The Freundlich model allows multilayer adsorption, which is characterized by the heterogeneous distribution of energy. The energy of adsorbate binding depends on whether the adjacent active sites are already occupied (Freundlich 1906) . The Dubinin-Radushkevich equation is generally applied to express the adsorption energy onto a heterogeneous surface. It also allows to define the character of the adsorption mechanism (Dubinin 1960) . The value of the mean free energy of adsorption E DR < 8 kJ·mol -1 corresponds to the non-specific physisorption, the E DR in the range of 8-16 kJ·mol -1 corresponds to an ion-exchange reaction, while E DR > 16 kJ·mol -1 can be attributed to chemisorption (Elkamash et al. 2005 ). The Langmuir (1), Freundlich (2) and DubininRadushkevich (3) equations are given as:
where q eq -sorption capacity at equilibrium (mmol·kg Based on the Dubinin-Radushkevich equation, the mean free energy of adsorption E DR =(-2K DR ) -1/2 was also calculated.
Results and discussion
XRD results
The XRD patterns of the H and HFe 3 O 4 composites are shown in Figure 1 . The starting H sample used in the study revealed a basal reflection at 7.2 Å, which is typical for dehydrated halloysite. In the XRD patterns of the HFe50 and HFe25, new peaks at 2.95 Å, 2.52 Å, 2.08 Å, 1.70 Å, 1.61 Å, and 1.48 Å can be attributed to the presence of Fe 3 O 4 . This indicated the success of the Fe 3 O 4 synthesis on the H sample surface. In the case of the HFe10, the Fe 3 O 4 peaks are not evident. However, in comparison to the H sample, changes in the intensity and clear broadening of the peaks in positions characteristic to Fe 3 O 4 can be observed. This suggested that a minor amount of Fe 3 O 4 was also formed in this case. The halloysite peaks on all XRD patterns were unaltered, which confirms that iron particles were exclusively deposited on the mineral surface. The intercalation of the H sample did not take place. After calcination, the characteristic reflections of halloysite and Fe 3 O 4 phase were still present, indicating their structural stability in the applied conditions (Fig. 2) . In turn, the relative decrease of 7.2 Å peak intensity as compared to the pure halloysite resulted from a decrease in the layered stacking order. Fig. 2 . The XRD patterns of HK, HFe10K, and HFe25K. Figure 3 shows the FTIR spectra of the H, HFe10, HFe25, HFe50, and Fe 3 O 4 . The spectra of all samples revealed bands characteristic for the kaolin group of minerals. This confirmed that the original structure of the H sample was not altered during coating with Fe 3 O 4 . The adsorption bands at 3800 -3600 cm -1 were ascribed to four different stretching vibration modes of the OH groups. The bands at 3695 cm -1 , 3670 cm -1
FTIR results
, and 3655 cm -1 can be attributed to inner-surface hydroxyls, while the band at 3620 cm -1 can be ascribed to inner hydroxyls (Rouxhet et al. 1977; Theng et al. 1982) . In the region of 1500 -400 cm -1 , intense bands attributed to vibrations within the aluminosilicate framework were observed. The bands due to Si-O stretching were present at 1100 -1000 cm . Moreover, after coating with Fe 3 O 4 the appearance of a new peak at 630 cm -1 and the broadening of a band at 540 cm -1 can be attributed to vibration within the Fe 3 O 4 . These bands were attributed to Fe-O symmetric stretching vibrations in crystalline lattice (Silva et al. 2013; Magnacca et al. 2014; Ghasemi et al. 2017; Karimzadeh et al. 2017) . Moreover, the positions of these bands are characteristic to magnetite and maghemite (Fu et al. 2008; Wang et al. 2010; Iyengar et al. 2014) . The adsorption bands at 3430 cm -1 and 1630 cm -1 in the Fe 3 O 4 spectrum correspond to the stretching and bending vibrations of the water molecules, which most likely were adsorbed on the surface of the Fe 3 O 4 particles and halloysite. After thermal treatment, the relative intensities of the OH groups' bands, at 3700 -3600 cm -1 , showed minor changes in comparison to the pure H sample (Fig. 4) . This may indicate partial dehydroxylation of the H and HFe 3 O 4 composites. The decrease of band intensities at 910 cm -1 was observed, which was also related to the dehydroxylation process. The intensity of Al-O-Si bending band at 540 cm -1 was weaker for the calcined samples, indicating the partial destruction of Al-O-Si bonds in the H sample. Additionally, the originally sharp band at 1100 cm -1 partially disappeared at the spectra of the calcined samples. The spectra of the thermally treated samples also revealed a band at 630 cm 
XRF results
The results of the elemental analysis for the H and HFe 3 O 4 composites are shown in Table 2 . As expected, the content of iron (Fe 2 O 3 ) in the HFe 3 O 4 composites was the highest for the HFe50 and lowest for the HFe10. The content of the other elements was not changed significantly. After coating with Fe 3 O 4 , the Al:Si molar ratio was unaltered and equal to ~1:1. The content of Fe and Ti in the H sample is connected with the presence of magnetite (Fe 3 O 4 ), ilmenite (FeTiO 2 ), and maghemite (γ-Fe 2 O 3 ), the presence of which was confirmed in previous studies (Matusik 2010) .
Taking into account the iron content for the HFe 3 O 4 composites and the natural H sample, the mass ratio of Fe 3 O 4 , which was formed during the synthesis to the H sample, was calculated (Table 2 ). The XRF results indicated that the content of Fe 3 O 4 increased as follows: HFe10<HFe25<HFe50. However, the content of Fe 3 O 4 for the HFe50 was 33.7%, which was much lower than 50%. This indicated that the synthesis was not as effective as in the case of the other samples. The comparison of the obtained results revealed that the effectiveness of Fe 3 O 4 formation decreased with increasing Fe(III) and Fe(II) content in the solution during the synthesis procedure. Moreover, when the Fe 3 O 4 content was high, the excess of iron particles weakly bonded to the kaolinite surface was probably removed during washing after synthesis. 
The adsorption experiments' results
The adsorption isotherms of the uncalcined and calcined samples for Cd(II) and Pb(II) are shown in Figure 5 and Figure 6 , respectively. For all the adsorbents, the equilibrium adsorption capacity (represented by the "plateau" of the isotherm) was reached for the range of concentrations set in the experiments. The sorption capacity was calculated as the average of the last two experimental points on the isotherms.
The adsorption increased with the increasing initial Cd(II) concentration, although the exception was in the case of 25 mmol·L -1 initial concentration, where a slight decrease of Cd(II) adsorption was observed (Fig. 5) . The results of Cd(II) adsorption indicated that the H sample derivatives coated with Fe 3 O 4 had higher adsorption affinity toward Cd(II) than the raw H sample. For the thermally treated HFe 3 O 4 composites, the observed adsorption capacities were similar to those for the H sample. The most promising adsorption capacity was obtained for the HFe10 sample and was equal to 32 mmol·kg -1 . It was noticed that for the HFe25 sample, the adsorption capacity was also higher than for the H sample, but lower than for the HFe10 sample. The results also showed that the heat treatment of the HFe10 and HFe25 decreased their adsorption properties toward Cd(II). The resulting adsorption isotherms follow the Langmuir equilibrium equation with the correlation coefficient R 2 > 0.97 (Table 3 ). The data calculated with the Langmuir equation (q m ) were in agreement with the experimental adsorption capacity. The coating of the H with Fe 3 O 4 positively affected the adsorption capacity of the starting H sample for Pb(II) (Fig. 6) . The adsorption increased with an increasing concentration of Pb(II) in the solution. The highest adsorption capacity was obtained, similarly to the case of Cd(II), for the HFe10 sample. It is worth noting that this adsorption capacity was equal to 112 mmol·kg -1 , which was about 3-fold higher than in the case of the H sample. The least effective sorption of Pb(II) was observed for the H and the HFe25, where the adsorption capacity was equal to 35 mmol·kg -1 and 57 mmol·kg -1
, respectively. The results showed that the calcination positively affected the adsorption capacity of the starting H and HFe25 samples. The opposite effect was obtained for the HFe10 sample, where the heat treatment caused a decrease of adsorption capacity. The experimental isotherms were fitted to the Langmuir model, with high correlation coefficient (R 2 >0.98) ( Table 3 ). The maximum adsorption capacity calculated from the Langmuir model was in good agreement with the experimental data. For the HFe25 and the HFe25K, the experimental data of Pb(II) adsorption were also fitted to the Dubinin-Radushkevish model, with high correlation coefficient (R 2 > 0.99). However, the calculated maximum adsorption from the Langmuir model (q m ) was closer to the experimental data.
The removal efficiency diagrams for the H and two HFe 3 O 4 composites with the highest adsorption capacity for Cd(II) and Pb(II) are shown in Figure 7 . Generally, it can be observed that the removal efficiency decreased with increasing C in . The most significant changes were observed for Cd(II) adsorption (Fig. 7a) . The highest efficiency for C in concentrations below 1 mmol·L -1 was represented by the HFe10 sample. It is worth highlighting that for C in ~0.1 mmol·L -1 and ~0.5mmol·L -1 the efficiency for the HFe10 was almost 100%. In the case of Pb(II) adsorption, the removal efficiency changes were not as significant as those for Cd(II) (Fig. 7b) . The highest percentage removal was determined for the HFe10. Moreover, the results indicated that for C in in the range of 0.1 -1.0 mmol·L -1 , almost 100% of the Pb(II) ions were removed from the solution. These results revealed that the HFe10 composite can be used as a very effective adsorbent at low Cd(II) and Pb(II) concentrations.
Desorption experiment results
Previous studies have shown that 1mol·L -1 CH 3 COONH 4 has the ability to desorb ionexchanged species, while chemically adsorbed complexes remained unaffected (Rzepa et al. 2009 ). The result of the experiment for the H sample revealed that after 2 desorption steps, 65% of Cd(II) and 45% of Pb(II) was removed (Fig. 8) . These result were in agreement with previously reported studies (Maziarz, Matusik 2016) . After coating the halloysite surface with Fe 3 O 4 and applying heat treatment, the desorption decreased. In the case of Cd(II) and Pb(II) desorption did not exceed 30% and 20%, respectively. In the second step, the percentage of desorbed cations was lower than in step 1. This revealed that the vast majority of ion-exchanged cations was removed in the first 1h of desorption. Most of the Cd(II) and Pb(II) was not desorbed from the HFe 3 O 4 composites after the second step of desorption. 
The mechanisms and factors influencing adsorption
The higher adsorption capacity of Pb(II) as compared to Cd(II) can be related to differences in their chemical properties. This mainly involves the hydrolysis constant and ionic radius. Literature on Cd(II) and Pb(II) ionic species distribution versus pH reports that the dominant forms at pH < 6.0 are Cd 2+ and Pb
2+
, Pb(OH) + , respectively which is strictly connected with the metals' hydrolysis constants (Smičiklas et al. 2000; Xu et al. 2008) . Previous studies indicated that the adsorption of Cd(II) by the H sample occurs mainly through ion exchange, while in the case of Pb(II) removal both ion exchange and surface complexation can take place (Matusik 2016; Maziarz, Matusik 2016 ). This may be evidence for lower adsorption in the case of Cd(II). Additionally, the adsorption of Cd (II) and Pb(II) can be interpreted in terms of their hydrated ionic radii, which are equal to 4.26 Å and 4.01 Å, respectively (Nightingale 1959; Wang et al. 2015) . With the increase of hydrated ionic radius, the adsorption is less efficient because of the weaker interaction with the hydroxyls of deposited iron particles.
The results indicated that the coating with Fe 3 O 4 can positively influence the adsorption capacity of the H sample. The CEC, pH PZC (Table 4) , and desorption results (Fig. 8) indicated that adsorption by introduced Fe 3 O 4 particles is represented by chemical reactions, most likely surface complexation. The ion-exchange mechanism involving electrostatic interactions is of limited importance. This is due to the very low CEC of the H sample. Moreover, the deposition of Fe 3 O 4 particles did not influence significantly the cation exchange properties of the resulting HFe 3 O 4 composites ( Table 4) . A slight decrease of CEC was observed for the calcined samples, which can be explained by a partial loss of exchangeable cations during thermal treatment. The formation of chemically adsorbed species was mainly attested through desorption experiments. For both the Cd(II) and Pb(II), the percentage of non-desorbed metals was higher than 70% and 80%, respectively. The Pb(II) and Cd(II) uptake can proceed through the replacement of surface protons in Fe-OH groups (Kumari et al. 2015; Bagbi et al. 2016) . This interaction can result in the formation of monodentate and bidentate complexes (Fig. 9) . The formation of these complexes was in agreement with the pH changes. The pH eq decreased during the adsorption as the surface OH groups underwent deprotonation, thus creating additional active sites for Cd(II) and Pb(II) adsorption. A decrease in adsorption capacity of the calcined HFe 3 O 4 composites was observed. It was connected with the partial loss of Fe 3 O 4 surface OH groups, confirmed by the FTIR (Fig. 4) . The pH PZC measured for the HFe 3 O 4 composites revealed that for the pH in =5.0, the surface of uncalcined composites was negatively charged and so favors the adsorption of positively charged species. After heat treatment, the composites showed varied surfacecharge properties. The pH PZC value revealed that for the pH in =5.0, the surface of HFe10K was positively charged, which hampers the adsorption of cations, while the HFe25K surface was negatively charged, thus facilitating the removal of cations.
The mean free energy of adsorption E DR for the HFe 3 O 4 composites calculated from the Dubinin-Radushkevish equation was found to be >16 kJ·mol -1 , with the exception of HFe25K, for which the E DR was found to be <8 kJ·mol -1 (Table 3 ). This also indicated that chemisorption was the dominating mechanism in Cd(II) and Pb(II) adsorption by the HFe 3 O 4 composites. In the case of HFe25K, the physisorption processes can be related to its negatively charged surface for the pH in =5.0 and the partial loss of surface OH groups.
It is worth mentioning that the mass ratio of Fe 3 O 4 to H played a significant role concerning the efficiency of metals' removal. The analyses indicated that 25% of the Fe 3 O 4 resulted in the agglomeration of Fe 3 O 4 particles, which negatively affected the adsorption.
Conclusions
The characterization results indicated that the Fe 3 O 4 particles were successfully synthesized by chemical precipitation on the H sample surface. The adsorption results showed that coating the H surface with Fe 3 O 4 positively influences its adsorption capacity. However, the mass ratio of Fe 3 O 4 to H significantly affects the adsorption properties. For both Cd(II) and Pb(II), the highest adsorption capacity was observed for the HFe10 sample, and was equal to 32 mmol·kg -1 and 112 mmol·kg -1
, respectively. The CEC, pH PZC and desorption results indicated that the adsorption mechanism of Cd(II) and Pb(II) is more likely to be attributed to chemisorption involving adsorbed ions and the Fe 3 O 4 particles' surface. The equilibrium adsorption isotherms followed the Langmuir model with a very high correlation coefficient and good correlation of the experimental results to the calculated Langmuir adsorption capacity. The overall results indicated that the HFe 3 O 4 composites can be considered as promising adsorbents for cations removal, especially at low concentrations that are commonly found in the environment and industrial wastewaters.
